Dihydroxymethyl and monohydroxymethyl methylenecyclopropane nucleosides are effective inhibitors of both variants of human herpesvirus 6 (HHV-6). We investigated involvement of HHV-6 U69 protein kinase in their mechanism of action. Phosphorylation of the dihydroxymethyl analogue cyclopropavir and monohydroxymethyl nucleosides with either a 6-ether moiety (MBX 2168) or a 6-thioether moiety (MBX 1616) with purified U69 was examined. All three compounds were substrates of this viral kinase and had similar Michaelis-Menten kinetic parameters.
H
uman herpesvirus6 (HHV-6) is widespread in the population, infecting over 90% of children by the age of 2 years (1, 2) . Two closely related variants of HHV-6 exist, HHV-6A and HHV-6B. Primary infection with the HHV-6 variant B causes exanthem subitum (also known as roseola infantum), which manifests as mild skin rash and high fever, accompanied in a small percentage of children by febrile seizures (2, 3) . After primary infection, the virus becomes latent and can reactivate in immunocompromised patients such as those undergoing bone marrow and solid-organ transplantations. This can lead to fever, skin rash, pneumonia, encephalitis, bone marrow suppression, and graft rejection (4). Drugs used in the clinic for treatment of HHV-6 infections are the same as those used for the treatment of human cytomegalovirus (HCMV), namely, ganciclovir (GCV), its prodrug valganciclovir, cidofovir, and foscarnet. However, no controlled clinical trials have been conducted to determine the efficacy of these drugs in HHV-6 infections (5-10).
A number of methylenecyclopropane nucleosides (MCPNs) are effective inhibitors of both variants of human herpesvirus 6 in cell culture (11) (12) (13) . The dihydroxymethyl MCPN analogue cyclopropavir (CPV) also inhibits human cytomegalovirus (HCMV), Epstein-Barr virus (EBV), and human herpesvirus 8 (HHV-8) (11) (12) (13) . Cyclopropavir is currently in phase I clinical trials for the treatment of HCMV infections. A number of monohydroxymethyl MCPNs with ether or thioether substituents at the 6 position have increased broad-spectrum antiherpes activity, as they also inhibit herpes simplex viruses 1 and 2 and varicellazoster virus in addition to HHV-6A, HHV-6B, HCMV, EBV, and HHV-8 (11) (12) (13) . The proposed mechanism of action of these compounds involves sequential phosphorylation to a triphosphorylated drug, which inhibits viral DNA polymerase. The HHV-6 protein kinase U69 was shown previously to be involved in phosphorylation of the nucleoside analogue ganciclovir (14) (15) (16) (17) . In this study, we investigated the possibility that U69 phosphorylates MCPNs to their monophosphates ( Fig. 1) .
To determine if the dihydroxymethyl MCPN CPV and monohydroxymethyl analogues with either a 6-ether moiety (MBX 2168) or a 6-thioether moiety (MBX 1616) are substrates of the HHV-6A U69 protein kinase, we performed in vitro experiments with purified enzyme. Baculovirus expressing U69 with a glutathione S-transferase (GST) tag on the N terminus was constructed and used to express GST-U69 protein in SF21 insect cells. The protein was purified on a GSTtrap column followed by an anion exchange column (Fig. 2) . Amino acid residue 219 in U69 from HHV-6 strain B is an invariant lysine required for U69 enzymatic activity (18) . The corresponding residue in HHV-6 strain A is lysine 218. As a control, to exclude phosphorylation by a potential copurified host kinase, baculovirus expressing an inactive GST-U69 that has lysine 218 (K218) mutagenized to a methionine was constructed, and the protein was purified in the same manner as was the wild-type protein. The purified wild-type and K218M mutant proteins (10 ng/l) were incubated in 125 l of kinase buffer (50 mM Tris, pH 7.5, 50 mM KCl, 10 mM MgCl 2 , 1 mM dithiothreitol [DTT], 3 mM ATP) with either CPV, MBX 2168, or MBX 1616. At designated times, aliquots were removed and the reactions were stopped by addition of 2% trifluoroacetic acid (TFA). Samples were analyzed by reverse-phase high-pressure liquid chromatography (HPLC) using a Grace Alltima C 18 column (Fig.  3) . Liquid chromatography-mass spectrometry (LC-MS) (LCQ Fleet) was used to confirm the identity of drug monophosphate that was formed.
Time-dependent phosphorylation of CPV, MBX 1616, and MBX 2168 was observed in the presence of wild-type GST-U69, while the inactive GST-U69 K218M mutant was unable to phosphorylate these drugs, even after 24 h of incubation at 37°C (Fig.  3) . Michaelis-Menten analysis of the phosphorylation of CPV by U69 gave an apparent K m of 2. (Fig. 4) . Our data show that the nucleoside analogues CPV, MBX 1616, and MBX 2168 are substrates of HHV-6A U69 kinase. All three compounds displayed similar kinetic parameters even though they differ structurally, particularly at the 6 position of the purine, suggesting that modifications on this part of the molecule are tolerated by this viral kinase. Kinetic parameter values for their phosphorylation reactions were similar to those reported for a homologous kinase from HCMV (UL97) for phosphorylation of CPV (19) . In the same study, it was reported that GCV phosphorylation by UL97 was about 45-fold less efficient (19) , and GCV-monophosphate was detected only when tritium-labeled compound was used. We tested GCV but were unable to detect phosphoryla- Baculovirus expressing U69 kinase as a GST fusion protein was constructed using the Bac-to-Bac baculovirus expression system from Invitrogen. SF21 insect cells were infected and harvested 65 h postinfection. GST-U69 was purified on a GST column followed by an anion exchange column. Lane 1, molecular weight markers (SeeBluePlus2; Invitrogen); lane 2, purified GST-U69. or wild-type GST-U69 kinase (B) at 37°C for 24 h. Samples were analyzed by reverse-phase HPLC using solvent A (0.1% TFA in H 2 O) and solvent B (0.1% TFA in 100% acetonitrile). Samples were resolved on a Grace Alltima 150-mm by 4.6-mm 5-m C 18 column with a gradient of 5% solvent B to 40% solvent B over 25 min. Mass spectrometry (via direct infusion of HPLC fractions) was used to confirm the identity of the monophosphorylated compound. The effluent was monitored as absorbance at 280 nm. Percent conversion of MBX 2168 to MBX 2168-MP in the presence of wild-type GST-U69 was 7.5%. tion of GCV by U69 using our experimental design (UV detection). Another study has shown that HHV-6 U69 kinase is involved in the phosphorylation of GCV, but compared to UL97, the phosphorylation of GCV by U69 in human cells infected with U69-expressing recombinant vaccinia virus was approximately 10-fold lower (14) . These observations, together with findings from the current study, lead us to hypothesize that CPV, MBX 2168, and MBX 1616 are better substrates of U69 than is GCV. This hypothesis could be tested by additional experiments using, for example, radiolabeled compounds to increase the sensitivity of detection of their phosphorylated forms. Published studies that have implicated U69 in GCV phosphorylation were based on experiments done in cell culture (14) (15) (16) (17) . Here, we show that purified U69 can phosphorylate a nucleoside analogue in a direct enzymatic assay. Our study shows that CPV, MBX 2168, and MBX 1616 are substrates of U69 kinase, but it does not exclude potential involvement of cellular kinases in their phosphorylation. We are currently investigating this possibility.
